Abstract: The impact of heating on the peristence of water repellency, saturated hydraulic conductivity, and water retention characteristics was examined on soils from both forest and meadow sites in southwest Slovakia shortly after a wet spell. The top 5 cm of meadow soils had an initial water drop penetration time WDPT at 20
Introduction
Soils having hydrophobic properties (also called water repellent soils) can resist or retard surface water infiltration, as well as influence water transport and retention in soil, plant growth, surface runoff and soil erosion (Bauters et al. 1998; . Soil water repellency tends to be both spatially and temporally highly variable. It often disappears after prolonged wet periods, but will usually re-emerge during drier periods when soil moisture falls below a critical threshold (Dekker et al. 2001; Hallett et al. 2004 ). Reestablishment of water repellency may be associated with the energy input during heating or a new input of hydrophobic substances (Doerr & Thomas 2000) . Water repellency can be alleviated by cultural practices such as core aerification followed by sand topdressing and application of a wetting agent (Mitra et al. 2006; Aamlid et al. 2009 ), addition of kaolinite clays (McKissock et al. 2002; Lichner et al. 2006) , liming (to enhance pH), and inoculation with wax-degrading bacteria Rhodococcus sp. and Roseomonas sp. (Roper 2006) .
During burning, plant cover and litter layers are consumed, and the mineral soil is heated, resulting in changes to soil bulk density, porosity, texture, colour, water content, water repellency, and permeability. Heat produced by the combustion of the litter layer on the soil surface vaporizes organic substances, which are then moved downward in the soil along the steep temperature gradients until they reach the cooler underlying soil layers, where they condense. The final result is a water repellent layer below and parallel to the soil surface on the burned area (DeBano 2000) .
Most fires create a mosaic of low-, moderate-, and high-severity burn areas because of the non-uniformity of fire temperature and duration, terrain slope and aspect, litter depth and moisture content, species type and distribution, live and dead fuels ratios, fuel densities and moisture contents, and differences in soil moisture and soil texture. Therefore, one should not expect the spatial distribution of soil water repellency to be uniform even at smaller scales (Hubbert et al. 2006) .
The aim of this study was to estimate the impact of heating on the persistence of water repellency (evaluated by the water drop penetration time, WDPT), saturated hydraulic conductivity, hydraulic conductivity, and the water retention characteristic of soils with similar texture but sampled under different plant. The study sites were located in southwest Slovakia where forest fires have been observed to have considerably environmental impact, but the underlying processes are poorly understood. 
Material and methods
The samples were collected at both forest and meadow sites of the locality Mláky II near Sekule on the Borská nížina lowland (southwest Slovakia). Sand dunes with surface eolian sand cover about 570 km 2 in this region (Kalivodová et al. 2002) . Sampling was done shortly after a wet spell on 17 July, 2007, when the soil at the surface was wettable (WDPT = 1 s) at the meadow site and slightly water repellent (WDPT = 30 s) at the forest site. The wet spell included 7 rainy days with a total precipitation of 34.1 mm from 2 to 12 July. The daily precipitation amounts ranged from 0.3 to 9.6 mm, and the daily maximum temperatures ranged from 18.4 to 32.2
• C in this wet spell. As the humic top-layer at the forest site was thinner than that at the meadow site, the samples at the forest site were collected from both 0-5 cm and 0-1 cm for more correct comparison of both texture composition and organic carbon content C (%). Physical and chemical properties of the soil samples are presented in Table 1 . The texture of all the three soil samples was similar, with small differences in clay content in the pine forest soil found with an increase sampling depth from 1 cm to 5 cm. Information about the plant cover, pedological and soil hydrological properties can be found in Lichner et al. (2007a, b) and Orfánus et al. (2008) .
The impact of heating and plant cover on the saturated hydraulic conductivity and water repellency of soil samples was estimated in February/March 2008. The samples initially at field moisture were stored in the laboratory for about six months after sampling. The heating temperatures T of 50, 100, 150, 200, 250 and 300
• C were applied in an oven to dry samples (m≈ 20 g) in open Petri dishes to simulate the effects of grass burning, shrub and forest fire on field soils. Each temperature was applied for 20 min. At the end of heating the oven was turned off, and the samples stayed in the oven until they cooled to 25
The persistence of water repellency was measured by means of the water drop penetration time (WDPT) test. Three drops of distilled water from a medicinal dropper were placed onto the soil surface and the actual time required for infiltration was recorded. The volume of water in a droplet was 58 ± 5 µL. A standard droplet release height of approximately 10 mm above the soil surface was used to minimise the cratering effect on the soil surface (Doerr 1998) . The mean value of the infiltration time of the three droplets was considered as being representative.
The hydraulic conductivity of soil saturated with water (saturated hydraulic conductivity) was measured in the laboratory with a falling head permeameter. Dry soil was packed into metal cylinders with volume 100 cm 3 (Kopecky cylinders) to a dry bulk density, ρ of 1.5 g cm −3 . The saturated hydraulic conductivity was estimated for both the air-dried soil (at 25
• C), and the soil samples oven-dried at temperatures 50, 100, 150, 200, 250
• C for 20 minutes, as described above. The samples were saturated with tap water, from the sample bottom to allow air escape. This took from several minutes for hydrophilic soils to up to 12 hours for hydrophobic soils. Each measurement was conducted with ponding changing from 5 to 2 cm, and it was repeated five times, to ensure stability of measurements. All the tests were carried out on two replicates.
The drying and wetting branches of soil water retention curves (SWRC) were measured at the samples collected both at the forest site in the depth 0-1 cm (both in natural state and after heating at 250
• C) and at the meadow site in the depth 0-5 cm. The SWRCs were measured by the tension plate method, due to the fact that the soils studied contained a significant portion of sand. Thus most of water retention capacity would be expected at matric potentials less negative than -0.1 MPa. The laboratory assembly used consisted of a glass funnel with semi-permeable silicon-glass plate (Kutilek & Nielsen 1994) . The funnel was connected with tubing to a small vessel on a balance, so that the mass of outflowed (inflowed) water could be measured. The soil (air dry, or oven dried at 250
• C) was packed on the porous plate in the funnel to ρ = 1.5 g cm −3 . Samples were assumed to be in equilibrium when the weight did not change for 12 hours. All the measurements were conducted at a constant air temperature 20
• C, to avoid the effect of temperature on the shape of SWRC (Štekauerová & Novák 1977) .
Results and discussion
WDPT decreased after heating the soil at each selected temperature (Fig. 1) . This unexpected behaviour could be the cause of either sampling during the wet spell when the actual water repellency (Dekker & Ritsema 1994) was very low (WDPT = 30 s at the forest site and 1 s at the meadow site), or aging of soil samples (the measurements were taken from 8 February to 7 March 2008, i.e. about 7 months after sampling), when some hydrophobic compounds could have been decomposed by soil organisms.
The results presented are in contradiction to the findings of other authors (e.g., DeBano 2000; Arcenegui Dlapa et al. 2007) , who observed an increase in WDPT after heating at 100-250
• C. The same increase of WDPT after heating at 100-250
• C was observed in the study of Šimkovic et al. (2005) , when the heating of the soil, sampled at the same site in the hot and dry spell in 2005, was applied both before and after a wetting/drying cycle. A comparison of the results for the samples collected at the meadow site, obtained in 2005 for the heating applied both before and after a wetting/drying cycle, and in 2008, is presented in Fig. 2 . The energy input during heating seems to be insufficient for re-establishment of water repellency at this site, new inputs of hydrophobic substances are likely required (Doerr & Thomas 2000) .
The impact of heating on the saturated hydraulic conductivity was very low for all the three studied soils (Fig. 3) , and it did not exceed the spatial variability of this value in the field. Significant increases in saturated hydraulic conductivity for soils dried at temperatures equal and higher than 100
• C could be explained by the degradation/decomposition of organic matter and removal of organic material that may have blocked the connections of pores. The soil cylinders packing process may have also influence the measurements.
The drying and wetting branches of SWRC are shown in Fig. 4 . These show that an increase in soil water repellency resulted in a decrease in soil water content for the same matric potential. This result is in accordance with that presented in Bauters et al. (2000) in the case of wetting branches of SWRCs, but in contradiction with the findings of these authors in the case of drying branches. They found that the increase in soil water repellency resulted in the increase in soil water content for the same matric potential. Contact angle between soil particles, water and air will increase with water repellency, i.e. capillary forces will be weakened, thus decreasing the soil water retention capacity. From it follows, both the wetting and drying branches of water retention curves for water repellent soils were shifted to those of wettable soils of identical texture. This is demonstrated in Fig. 4 .
It should be noted that the saturated soil water content was not reached in the soil sampled in pine forest (with the highest water repellency) at the matric potential -5 cm, probably due to either air entrapment or incomplete mitigation of soil water repellency in the whole sample. Differences in the wetting branches of the SWRCs could be the cause of small differences in both the grain size distribution and density of soil samples taken at different sites.
As to the impact of plant cover, it was found that the potential water repellency (Dekker & Ritsema 1994) of the soil sampled at the meadow site in the depth 0-5 cm was greater than that sampled at the forest site in the same depth, but smaller than the potential water repellency of the soil sampled at the forest site in the depth 0-1 cm. Both the saturated hydraulic conductivity and soil water content of the soil sampled at the meadow site was higher than that sampled at the forest site for all the temperatures and matric potentials. It is hypothesised that the different plant cover influenced the organic coating of soil particles, thus changing their hydraulic properties.
Based on our results we can conclude that each wetting/drying cycle resulted in decreased WDPT vs. heating temperature T relationship for the heating temperature range 50-250
• C (Fig. 2) , i.e. the persistence of water repellency after a wildfire depends on the spell (hot and dry or wet) in which the fire occurs. Saturated hydraulic conductivities did not change significantly with the temperature of heating. Drying (D) and wetting (W) branches of soil water retention curve (SWRC) of field soils differed significantly from those of the soil heated at 250
• C, where a disappearence of water repellency was observed. The most significant differences were found for wetting branches of SWRC. It can be concluded for the studied locality that the wildland fire during or shortly after the wet spell (with many wetting/drying cycles) probably would not result in an increase in water repellency and consecutive surface runoff.
